I. INTRODUCTION
SOLID refrigeration has the potential to replace conventional gas compression/expansion refrigeration as a result of the increasing environmental concern. [1] [2] [3] In this case, La-Fe-Si alloy, with NaZn 13 -type La(Fe,Si) 13 phase, has been reported as a promising candidate for magnetic refrigerants. [4, 5] La(Fe,Si) 13 alloy exhibits a giant magnetocaloric effect (MCE, which refers to the heating or cooling of magnetic materials due to a varying magnetic field) due to a magnetic field-induced, first-order itinerant electron metamagnetic (IEM) transition above the Curie temperature (T C ). [6] La(Fe,Si) 13 alloy displays a small hysteresis and an isotropic magnetovolume effect accompanied by the phase transition. [7] [8] [9] These properties are beneficial for a cyclic use of La-Fe-Si alloys because of the existing giant magnetocaloric effect. Several attempts have been made to improve the properties of La(Fe,Si) 13 magnetocaloric alloys, such as partial element substitution, atom insertion, and applying extra pressure by using hydrogenation. [10] [11] [12] [13] [14] NaZn 13 -type La(Fe,Si) 13 phase (1:13 phase) is a peritectic phase that is formed by a peritectic solidification reaction. However, the 1:13 phase was not observed using conventional techniques, such as arc-melting. Instead, the as-cast La-Fe-Si alloys show a two-phase structure composed of a-(Fe,Si) and La-Fe-Si (Cu 2 Sb-type: P4/nmm) phases. According to the phase diagram, during equilibrium solidification, the a-Fe phase (primary phase) dendrites first grow from the liquid. Once the prime phase forms, a peritectic reaction with the surrounding liquid forms the peritectic phase. Once the peritectic phase appears at the junction of the prime phase and surrounding liquid, the peritectic solidification will be blocked. [15] It has been reported that a dual-phase structure containing both a-Fe and La(Fe,Si) 13 shows an enhanced thermal conductivity and mechanical property compared with the single-phase structure. [16] The existence of the a-Fe phase can improve the mechanical properties, particularly, the ductility of La-Fe-Si alloys due to the internal brittleness of the La(Fe,Si) 13 phase. However, this dual-phase microstructure is achieved by high-temperature annealing of the non-stoichiometric La(Fe,Si) 13 alloy for an extended period of time. [16] To our knowledge, bulk casting of the La(Fe,Si) 13 alloy is currently unavailable. Other novel methods have been used, such as melt-spun to refine the prime a-Fe phase and powder metallurgy (HDSH) to insert H atoms; however, the alloys are prepared in powder and/or ribbon form. [17] [18] [19] Directional solidification has been used in the production of peritectic functional alloys and can tailor the microstructure, morphology, and oriented crystal growth, which has been reported for magnetic alloys such as Nd-Fe-B alloys. [20] Additionally, it can influence the solidification path by controlling the temperature gradient and growth rate, as reported in our previous research of dual-phase (c phase) Ni-Mn-In alloys. [21] In this investigation, directional solidification is therefore used to fabricate the La-Fe-Si alloy, with a special focus on the volume fraction increase of the La(Fe,Si)13 phase and the solidification path.
II. EXPERIMENT
Polycrystalline LaFe 11.6 Si 1.4 alloys were prepared by the arc-melt method using raw materials of La (with >99.5 pct purity), Fe (with >99.99 pct purity), and Si (with >99.9999 pct purity). To compensate for volatilization, 5 pct extra of La was added. The button-shaped alloys were remelted, followed by suction cast in a copper mold to obtain rods 7 mm in diameter. The rods, after being cleaned and polished, were subsequently remelted and directionally grown in alumina crucibles under different conditions, as shown in Table I . Directional solidification was carried out in a high-frequency induction vacuum zone melting liquid metal cooling (ZMLMC) furnace. Our previous research has shown an explanation for temperature gradient (G L ) and crystal growth rate (R). [21] Generally, the directionally solidified LaFe 11.6 Si 1.4 rods include three parts along the growth direction, i.e., the initial zone, steady zone, and last zone. In this investigation, only the steady zone is considered because the crystals grow relatively steady in this zone. Samples were taken from the longitudinal section of the directionally solidified rods. The microstructure was observed using scanning electron microscopy (SEM) in a backscattered mode. The compositional distribution of the directionally solidified rods was measured by energy-dispersive spectroscopy (EDS). Quantitative analysis of the volume fraction of interested phase is based on SEM images using Image-Pro Plus. The crystal structure was tested by X-ray diffraction (Ultima IV) using Cu Ka radiation at a scan speed of 10 K/min.
III. RESULT

A. Morphology and Microstructure
In Figures 1(a) through (c), the morphology and microstructure of G1000R100, G1000R50, and shows the microstructure of the corresponding arc-melt LaFe 11.6 Si 1.4 alloy. According to the EDS result (not shown here), the black, white, and gray phases are a-Fe, LaFeSi, and La(Fe,Si) 13 , respectively. As expected, the 1:13 phase in the arc-melt alloy is not present (Figure 1(d) ). For directional solidification, with a temperature gradient of 1000 K/cm and a grow speed of 100 lm/s, the 1:13 phase is also not present, as shown in Figure 1 (a). For alloys G1000R50 and G1000R15, it is surprising to find that a large volume fraction of the La(Fe,Si) 13 phase appears. In all three directionally solidified alloys, the a-Fe phase shows a microstructure with an oriented growth direction. Furthermore, the a-Fe phase size of the directionally solidified LaFe 11.6 Si 1.4 is larger than the as-cast alloy. The a-Fe phase displays a thick and coarse microstructure in G1000R15, G1000R50, and G1000R100.
Alloys that were prepared with a relatively low temperature gradient (600 and 300 K/cm) were examined as well. Figure 2 shows the corresponding microstructure with alloys (Figures 2(a) through (c) ) under the temperature gradient of 600 K/cm and alloys under the temperature gradient of 300 K/cm (Figures 2(d) through (f)). A large volume fraction of the 1:13 phase can be found in all alloys. In comparison with alloys prepared at G = 1000 K/cm, three phases are also present in directionally solidified alloys prepared at G = 600 K/cm, R = 100 lm/s, which are a-Fe, LaFeSi, and La(Fe,Si)13 phases. However, the volume fraction of the LaFeSi phase in G600R50 and G600R15 alloys is rather low and displays a dual-phase microstructure. Compared with G1000R100, the size of the a-Fe phase in G600R100 is much smaller. a-Fe dendrites can be clearly seen, and the prime dendrites are longer than those of the as-cast LaFe 11.6 Si 1.4 ( Figure 1(d) ). When temperature gradient is reduced to 300 K/cm, G300R50 and G300R15 display a dual-phase microstructure similar to the alloys prepared with a temperature gradient of 600 K/cm. The size of a-Fe in these three alloys (G300R100, G300R50, and G300R15) is relatively large.
B. XRD Pattern of Directionally Solidified Alloys
To identify the crystal structure and determine whether there is a connection to the orientation between the prime phase a-Fe and the peritectic phase La(Fe,Si) 13 , XRD analysis was carried out, as shown in Figure 3 . The NaZn 13 -type La(Fe,Si) 13 phase, which can exhibit a giant magnetocaloric effect, is clearly revealed in almost all of the directionally solidified alloys, except G1000R100. In addition, most directionally solidified LaFe 11.6 Si 1.4 alloys appear as a dual-phase structure, except for alloys with high growth speeds, i.e., G1000R100, G600R100, and G300R100. This is consistent with the morphology and microstructure observations. For annealed La(Fe,Si) 13 alloys, the XRD peak (110) corresponding to a-Fe becomes weaken because of the phase transformation of a-Fe to La(Fe,Si) 13 . However, the weakening is not seen in any directionally solidified LaFe 11.6 Si 1.4 alloys. In Figure 3 , peak (531) is shown to be weaker than peaks (422) and (420), which is different from annealed single-phase alloys, thus indicating a special connection between the prime phase a-Fe and the peritectic phase La(Fe,Si) 13 .
C. Volume fraction of a-Fe, La(Fe,Si) 13 , and LaFeSi
To quantitatively analyze the influence of solidification conditions on the formation of each phase, a statistical analysis, based on the microstructure results from Figures 1 and 2 , of the volume fraction of each phase is conducted. As shown in Figure 4 , the volume fraction of La(Fe,Si) 13 phase reaches~50 pct for most directionally solidified alloys, except G1000R100. When the crystal growth rate is 15 or 50 lm/s, there is little LaFeSi phase in all directionally solidified alloys, which implies that a dual-phase microstructure may be achieved by controlling different directional solidification conditions. Figure 5 indicates the relationship between volume fraction of the La(Fe,Si) 13 phase and temperature gradients. With the increase of temperature gradients, the volume fraction of the 1:13 phase becomes further dependent on the growth rate. When the temperature gradient is 300 K/cm, the maximum volume fraction difference of the 1:13 phase is approximately 9 pct when the growth rates increase from 15 to 100 lm/s. However, this value reaches 62 pct when the temperature gradient increases to 1000 K/cm, as shown in Figure 5 . This is probably due to the large temperature range between the prime a-Fe phase and La-rich liquid. [22] Hence, there is a considerable temperature variation in the liquid when the temperature gradient is rather large, which will influence the optimized temperature of nucleation rate of a-Fe and La(Fe,Si) 13 . For different crystal growth rates, the rate will affect the duration of phase growth. The volume fraction of La(Fe,Si) 13 at different crystal growth rates is likely to show a sharper change with a large temperature gradient.
D. Si Segregation in La(Fe,Si) 13 The chemical compositions of all directionally solidified LaFe 11.6 Si1.4 specimens are summarized in Table II . The chemical ratio of La to (Fe, Si) is nearly constant for each different alloy. However, the chemical ratio between Fe and Si elements varies significantly with different solidification conditions. There is a significant Si segregation in directionally solidified LaFe 11.6 Si 1.4 alloys compared with the predicted atomic concentration of 10 pct, as shown in Table II . It should be noted here that the LaFe 13 does not actually exist because of its positive Gibbs free energy. The existence of Si leads to a stable status so the La(Fe,Si) 13 phase can be formed. [23] Moreover, NaZn 13 -type La(Fe,Si) 13 is likely to exhibit a giant magnetocaloric effect with low Si contents. [24] This is due to a first-order phase transition from paramagnetic to ferromagnetic. [8, 9] Since the La(Fe,Si) 13 phase is usually formed by annealing, no obvious segregation has been found in annealed La(Fe,Si) 13 alloys in the previous research. [25] To determine the composition variation of main alloying elements, an EDS line scan is made through the prime phase a-Fe dendrites, as shown in Figure 6 . There is a transition area with a length of~1.5 lm from the a-Fe phase to the La(Fe,Si) 13 phase. When the length of the La(Fe,Si) 13 phase is over a certain value, the element content will maintain a certain platform value; otherwise, it will show a peak value, such as peak D to F, as shown in Figure 6 (c). The transition area is related to the mechanism of the peritectic reaction, which is discussed later. Previous research has reported that supercooling plays an important role in the nucleation competition between a-Fe and La(Fe,Si) 13 . [26] However, the transition area will be dismissed if the large volume fraction of the La(Fe,Si) 13 phase in directionally solidified LaFe 11.6 SI 1.4 alloys is brought about by the nucleation competition, which could imply a different valid mechanism.
IV. DISCUSSION
As shown in Figures 1, 2, and 3 , a dual-phase microstructure in directionally solidified LaFe 11.6 Si 1.4 alloys are usually accompanied by the coarse a-Fe phase, which is different from annealed alloys made by dissolving the a-Fe into the matrix La(Fe, Si) 13 phase. XRD results have indicated that the intensity of the prime phase a-Fe is still stronger, with a large volume fraction of the La(Fe, Si) 13 phase (Figure 3) . These results indicate that a coupled growth of the a-Fe phase and La(Fe,Si) 13 phase may occur.
According to Kurz and Kerr's model, [27] peritectic solidification usually includes three stages, including the peritectic reaction, peritectic transformation, and liquid direct solidification. Once the peritectic phase is formed from the prime phase reacting with the surrounding liquid, the peritectic reaction stops, and the prime phase is transformed into the peritectic phase by solid-solid peritectic transformation. When the temperature reduces below the peritectic temperature (T p ), the peritectic phase will solidify directly from the liquid phase.
Compared with normal solidification, directional solidification, under the condition shown in Table I , actually occurred at a low cooling rate. In this case, a-Fe will directly form as the prime phase; therefore, the (a-Fe)/liquid interface should be considered. Since La is easily volatilized during solidification, a hypo-peritectic La(Fe,Si) 13 alloy is considered in this discussion. Considering the initial component (La 1-D Fe 11.6 Si 1.4 ) of La(Fe,Si) 13 to be C 0 ðT initial Þ, when the descending temperature approaches T peritectic :
Hence, prime phase a-Fe will grow in a meta-stable status. When the supercooling that is required for the formation of La(Fe,Si) 13 is attained (Figure 7(a) Point A) , the nucleation of La(Fe,Si) 13 starts, resulting in the growth of the La(Fe,Si) 13 phase and thereby releasing latent heat. In this case, since La(Fe,Si) 13 is formed, the interface b(La(Fe,Si) 13 )/L should be considered (Figure 7(a) Point B) . During this process, although the peritectic reaction is blocked, peritectic transformation is still activated by solid-solid diffusion at high temperatures, as shown in Figure 7(b) .
Since La-rich liquid is poor in fluidity, the latent heat cannot be easily transferred. The temperature will increase slightly, accompanied by the growth of La(Fe,Si) 13 . When the temperature is increased to T peritectic , resulting from C 0 ðT initial Þ<C per b ðT peritectic Þ, which is similar to the cooling process, it will obtain:
Hence, it will obtain the supercooling required for the formation of a-Fe (Figure 7 (a) Point C), followed by the growth of the a-Fe phase (Figure 7(a) Point D) . The coarsening of a-Fe is shown in Figure 7 (b). This is in accordance with the existence of the transition area because of the peritectic transformation.
When the temperature is lower than that required to activate peritectic transformation, the liquid is likely to directly solidify to form the La(Fe,Si) 13 phase. In this case, the LaFeSi phase is likely to generate in LaFe 11.6 Si 1.4 alloys with high crystal growth rates and large temperature gradients. For the Si segregation, it is closely connected to the direct liquid solidification.
In general, dual-phase LaFe 11.6 Si 1.4 alloys are predicted to form in the following ways:
1. Prime phase a-Fe forms first. 2. The La(Fe,Si) 13 phase is formed through a peritectic reaction and peritectic transformation, accompanied by the coarsening of the a-Fe phase. The chemical component of the rest liquid will approach La(Fe,Si) 13 .
3. The rest liquid will directly solidify to form the La(Fe,Si) 13 phase.
V. CONCLUSION
1. The volume fraction of the La(Fe,Si) 13 phase in La-Fe-Si magnetocaloric alloy can be increased tõ 62 pct by ZMLMC directional solidification. The increasing volume fraction of the La(Fe,Si) 13 phase was accompanied by the coarsening of the a-Fe phase. 2. A large temperature gradient causes a distinct difference in volume fraction of the La(Fe,Si) 13 phase for directionally solidified alloys. In this case, there is no La(Fe,Si) 13 phase in the G1000R100 alloy, but for G600R100 and G300R100, a large volume fraction of the La(Fe,Si) 13 phase can still be obtained. 3. A significant Si segregation was seen, which can be attributed to a 'transition area' observation. 4. The solidification path was discussed according to the peritectic solidification path, which can be used to interpret the increase of the volume fraction of the La(Fe,Si) 13 phase by directional solidification. 
